A microbial biosensor is an analytical device that immobilizes microorganisms onto a transducer for the detection of target analytes. With the development of nanotechnology, nanomaterials have been used to achieve better immobilization for developing a more reliable and selective microbial biosensor. Also, significant progress has been made in the development of transducer technology leading to higher sensitivity. Microbial biosensors have become one of the most useful means of monitoring environmental, food and clinical samples. In this review, we focus on the newly developed technologies and applications of microbial biosensors in recent years.
Introduction
A biosensor is an analytical device that combines the biological recognition element with a signal transducer to convert the response with analytes into a measurable signal which is proportional to the concentration of the analytes [1] [2] [3] [4] . A microbial biosensor is a biosensor that uses microorganisms which consists of numerous enzymes as the bioelements (Figure 1) . The enzymes in the living cells can produce a response to the analytes specifically and selectively, without neither the necessity of time-consuming and costly purification nor the negative effects of the operating environment [2, 5] . In order to transfer the responses from the recognition elements to the transducers, the immobilization between the bioelements and the transducers must be intimate and stable. Integrating the microorganisms onto the transducer is the basic requirement of achieving a reliable microbial biosensor [2, 3, 5] . Immobilization determines not only the quality of the signal transferred from the microorganisms to the transducer but also the reusability of the microbial biosensor. Therefore, immobilization plays an important role in developing a microbial biosensor [6] . The conventional immobilization methods include adsorption, entrapment, encapsulation, covalent binding, and cross linking. However, all of these methods suffer from either poor long-term stability or negative effects from being exposed to harsh reaction conditions [3] . Advances in nanotechnology offer an alternative for better immobilization by using nanomaterial such as nanoparticles, nanotubes, and fiber optics, which promote higher reliability and stability of the bioelements [7] . The transducer is another critical part of the microbial biosensor for converting the biological response to a measurable signal [1] . Recently, microbial fuel cells (MFC) have been proposed as a new technique for microbial biosensors which relied on optical transducers as a main transducer in the past decade. With the ability to generate sustainable electricity from biodegradable organic compounds through microbial metabolism, MFCs provide high sensitivity and selective sensing capability [8, 9] .
With the advantages of low cost, stability and a fast response, the applications of microbial biosensor have been widely used in various fields ranging from environmental monitoring, food & fermentation industry, to clinical diagnostics. For environmental monitoring, it is necessary to find a simple, rapid, cost-effective and field portable screening method to monitor various organic and inorganic chemical contaminants which can be potential risks to human health [10] [11] [12] . The food and fermentation industries need rapid, affordable and reliable methods to ensure the quality of products and process controls [12, 13] . There is also an urgent need in clinical diagnostics for accurate, fast and inexpensive devices, which can be routinely used to monitor clinically important parameters [14, 15] . The conventional methods in those applications typically require analytical techniques, specialized laboratories, and practiced operators, which are costly, complicated and time consuming [14] . Microbial biosensors have significant advantages including high sensitivity, low cost, rapid response, and portability [13, 10] . Several recent reviews have addressed other aspects of the microbial biosensors [16] [17] [18] [19] [20] [21] . In this paper, we first briefly review the newly developed technologies in immobilization and transducers for microbial biosensors. Then, we mainly focus on the recent advances in the applications of microbial biosensor.
Immobilization
As the performance of the biosensor is limited by immobilization, many studies focus on improving immobilization. The nanostructures are attractive due to their small size and large surface area, resulting in enhanced surface activity and electrical conductivity [22] . Recently, nanotubes, nanoparticles and fiber optics are widely used in developing microbial biosensors [23] .
Carbon nanotubes (CNT) are ideal materials for the immobilization of microbial biosensors because of CNTs' electronic properties, large surface area, excellent electrochemical performance and good chemical stability [24] . Due to its characteristics, CNT can increase cell loading [25] , catalytic activity [26] and electrical conductivity [27] . Odaci et al. constructed a microbial biosensor by entrapping bacteria cells on CNT-modified chitosan membrane, which showed good linearity and repeatability with a high operational stability [28] . Furthermore, a bacterial impedimetric biosensor for trichloroethylene (TCE) detection was developed by immobilizing Pseudomonas putida F1 strain on gold microelectrodes functionalized with single wall carbon nanotubes that were covalently linked to anti-Pseudomonas antibodies [25] . This biosensor achieved a good linearity with TCE concentration up to 150 μg·L −1 and a low limit detection of 20 μg·L . Also, anovel Nafion/bacteriadisplaying xylose dehydrogenase (XDH)/multi-walled carbon nanotubes (MWNTs) nanocomposite electrode for determination of d-xylose provided a rapid response, a low detection limit of 0.5 μM and a broad linear range from 0.6 to 100 μM [29] . Nanoparticles (NP), especially Au NPs, are also widely used to modify the surface properties of the electrodes to achieve good immobilization performances due to NPs' high conductivity, biocompatibility and high catalytic activity [30] . Au NPs can promote the electron transfer between the microbial cell wall and the electrode surface without resulting in the denaturalization of redoxactive proteins [31] . Deng et al. constructed an Au@Pt NPs modified Silk-derived carbon fiber to detect E. coli activity, which achieved a low detection limit of 0.09 mg/L and a wide linear range from 0.5 mg/L to 36.6 mg/L [30] . Furthermore, an Au NPs modified conducting polymer which was used as a platform for immobilization for glucose analysis showed significant advantages in biocompatibility, stability, sensitivity and possibility of electrocatalysis [7] .
For the rapid detection of analytes, fiber-optic-based platforms have been constructed for the immobilization of the microorganisms [32] . The fiber-optic-based biosensors have advantages over other biosensors because of their fast response and stable immobilization capabilites. A flow-through fiber-optic-based real time biosensor for detection of toxicity in water was fabricated [33] . By immobilizing the bacteria stains on the fiber optic, the biosensor has advantages with the respect to regulation, as the bacteria do not leave the device with the water. Eltzov et al. also developed a fiber-optic-based biosensor for air toxicity monitoring [34] .
Type of Microbial Biosensors
(Transducers)
Optical Biosensor
An optical biosensor is a device that makes use of an optical transducer to produce changes in diverse optical properties such as adsorption, fluorescence, luminescence, or refractive index, which are proportional to the concentration of the analytes [35] . Fluorescence, bioluminescence, and colorimeter based biosensors are widely investigated due to their properties of compactness, selectivity, sensitivity, flexibility, resistance to electrical nose and small probe size [2, 13] .
organism [5] . Due to the advantages of stability and sensitivity, green fluorescent protein is most commonly used in fabrication of fluorescent microbial biosensors [37] .
Recombinant Escherichia coli cells which are transformed with plasmids, harboring three tandem copies of the ars promoter/operator-the gene for gfp, were developed for the detection of arsenic [38] . Compared to cells that used plasmids harboring only one copy, the recombinant Escherichia coli cells doubled the signal-to-noise ratio and decreased the detection limit form 20 to 7.5 μg/L. The recombinant yeast, Green Screen TM , has the ability to emit fluorescence by expressing green fluorescent proteins when it is exposed to genotoxins. Based on this mechanism, a microfluidic chip which retained yeast within the chip was developed for the detection of toxic compounds [39] .
Bioluminescent Microbial Biosensor
Bioluminescence based microbial biosensors have been extensively used in environmental monitoring for detection of toxicity due to its ability to closely reflect to toxicity [11] . As a proportional response to the concentration of the analytes, the changes in the density of the bioluminescence emitted by the living cells can be measured by the bioluminescent microbial biosensor. According to the mechanism of production of bioluminescence, the method to control the expression of the lux gene can be divided into two manners: the constitutive manner and the inducible manner. In the constitutive manner, the bioluminescence caused by lux gene-coded luciferase exists constitutively as long as the organism is active. As the density of the bioluminescence can be affected by the additional compounds such as the toxicity, it can be used as a parameter to determine the additional compounds. In the inducible manner, the lux gene is fused with a promoter regulated by the concentration of the analytes. Based on this mechanism, the bioluminescence can not be detected until the concentration of the analytes approaches a critical value [2, 5] . Several bioluminescent microbial biosensors have been developed in recent years. A whole-cell bioluminescent biosensor, based on genetically engineered Escherichia coli bacteria, carrying a recA::lucCDBAE promoter-reporter fusion, was developed for the detection of water toxicity [40] . Further, Kuncova et al. constructed a biosensor for the detection of water pollutions, based on Pseudomonas putida TVAS, harboring chromosomal tod-lux CDABE fusion [41] . By immobilizing bioluminescent bacteria, TV1061 strain, in wells of a microtiter plate, Eltzov et al. fabricated a microbial biosensor for air toxicity monitoring and achieved a good response to a low concentration of chloroform (6.65 ppb) [33] .
Colorimetric Microbial Biosensor
Colorimetric microbial biosensors make use of the changes in the color of the special compound to determine the concentration of the target analytes. Methyl parathion can be hydrolyzed by bacterium into chromophoric product, p-nitrophenol (PNP), which can be measured by a colorimetric method. Based on this mechanism, colorimetric transducers have been widely used in developing microbial biosensors for the detection of methyl parathion. A colorimetric microbial biosensor based on the immobilization of Flavobacterium˚ sp. in glass fiber filter was constructed for the detection of methyl parathion with a detection limit of 0.3 μM and a linear range from 4 -80 μM [42] . Further, Kumar et al. immobilized Sphingomonas bacteria onto the surface of the wells of polystyrene microplates (96 wells) to construct a colorimetric microbial biosensor, which had the same linear range to methyl parathion but achieved an advantage of multiple detections [43] . By immobilizing the Sphingomonas bacteria on inner epidermis of onion bulb scale, a colorimetric microbial biosensor for detection of methyl parathion was developed and achieved a stable characteristic [44] .
MFC Biosensor
The ability to convert organic substrates into electricity through microbial catabolism makes it possible for microbial fuel cells (MFCs) to work as a transducer in microbial biosensors [45] . A typical two-chamber MFC consists of an anodic and a cathodic chamber which are separated by a proton exchange membrane [9] . In the anodic chamber, fuel is oxidized by microbes, generating electrons and protons which are transferred to the cathodic chamber through the external electric circuit and the membrane separately. They combine with oxygen to form water in the cathodic chamber [36] . MFCs have been widely used as biosensors, especially for measuring biochemical oxygen demand and water toxicity, because of its portability, long-term stability and fast response [46] . However, MFC biosensors suffer from low sensitivity because the power generated from MFCs is very low. We have improved an array of microliter-sized MFCs, generating 100 μW and 1.8 V output voltage, which contributes to achieve a higher sensitivity [45] . There are several new MFC biosensors shown in Table  1 .
The linear relationship between the current density generated by the MFCs and the BOD concentration makes MFCs work as BOD biosensors [47] . Compared to the conventional methods for BOD analysis which take 5 or 7 days, the microbial BOD biosensors have fast response. Kumlanghan et al. showed a novel MFC BOD sensor system operated by integrating an anaerobic bioreactor for continuous supply of stable anaerobic consortium, which had a response time around 3 -5 min without the need to wait for the metabolic recovery of anaerobic Glucose Single-chamber MFC Up to 25 g/L [48] consortium in the anodic compartment [48] . Further, a simple method for monitoring the dissolved oxygen based on a submersible microbial fuel cell (SBMFC) assured the maximum response time of less than 4 minutes [49] . A MFC-type of BOD biosensor is advantageous over other types of BOD biosensors because they have a high reproducibility, long-term stability and wide linear range. Lorenzo used a single-chamber MFC with an air cathode to fabricate a BOD sensor which had a linear range up to 350 ppm and was still stable after 7 months with a total variation of only 15 % [50] . The toxicity in the water caused by pesticides and the waste water from the industry has been a big risk to human health. Conventional methods for detection of toxic compounds have a lot of limitations such as time consumption and high cost. A silicon-based MFC utilized as a toxicity biosensor was validated to minimize the time and the cost [46] . VFA, particularly acetate and propionate, as the important inter mediator of anaerobic digestion (AD), can be used as a process indicator. Liu et al. developed a wall-jet MFC biosensor to reflect the real time microbial activity by the detection of acetate [51] .
Applications

Environmental Monitoring
Pollutants in the environment are great risks for the health of human beings. Several microbial biosensors for detection of organic and inorganic toxicities are shown in Table 2 . Being extensively used in industry, heavy metal becomes a main toxicant in waste water. The non-biodegradability of metal ions results in its accumulation in living organisms and causes various diseases [53] . A low cost, specific, simple and quick tool is needed for monitoring heavy metals. The microbial biosensor provides an opportunity to solve this problem. The constitutive manner (light-off) and the inducible manner (light-on) are two general strategies for developing a microbial biosensor for monitoring heavy metal toxicity [54] . In the constitutive manner, the lux gene exists constitutively. The presence of the toxic heavy metal affects the expression of the lux gene and reduces the light density [5] . As it can respond to any substance that is toxic to the microbe, this microbial biosensor is nonspecific [55] . Specific biosensors, which are based on inducible promoters fused to reporter genes, are more sophisticated and sensitive [36] . Only the specific biosensor can be used for in situ measurement of contaminants. Heavy metal ions can act as an acute enzyme inhibitor and then cause some changes that can be used as the signal for detecting heavy metal ions. As mercury can inhibit the activity of alkaline phosphate enzymes present in the cell wall of Chlorella sp., Singh et al. developed a biosensor for determination of mercury by immobilizing Chlorella sp. on a glassy carbon surface [56] . The use of genetically engineered bacteria, which can produce measurable signals when contacted with bio-components, is the best approach for detecting heavy metal [57] . Ravikumarzra et al. constructed a biosensor for detecting zinc and copper based on engineered bacteria, where P and cusC promoters were fused to a dual-labeling reporter protein as an interactive biocomponent for zinc and copper to generate a signal from the constructed biosensor [58] . A promoterless enhanced green fluorescent protein (egfp) gene was fused with the czcR3 promoter, which could respond quantitatively to zinc, for specific detection of zinc [59] .
Using dead biomass to uptake heavy metals passively is a more efficient, economical and easier way for detecting them. Compared to living cells, dead biomass requires no nutrients, is easy to handle and store, and has high tolerance to toxic harsh reaction environments [60] . Pseudomonas aeruginosa were used in a heat dried form to construct a microbial biosensor for the detection of heavy metal Pb (II), which achieved a linear response to Pb (II) from 1.0 μM to 2.0 μM and a detection limit of 0.6 μM [61] .
Organic toxicity is another main pollutant in the environment which is harmful to human beings. A rapid, low-cost, and specific method for detection of various organic toxicities is needed. Microbial biosensors provide an alternative to solve this problem. Methyl parathion which has been widely used in agriculture as Orga ophosphorus (OP) pesticides are not only harmful to n insect, but to human beings as well. Based on the princeple that methyl parathion can be hydrolyzed into electrochemical or colorimetric detectable product p-nitrophenol (PNP) by organophosephorus hydrolase (OPH), an optical microbial biosensor that used Sphingomonas sp. immobilized on the bottom surface of the wells of the microplate was developed for the detection of methyl parathion pesticide [43] . Trichloroethylene (TCE), another main organic pollutant which has been used as an organic solvent and degreasing agent in industry, can cause impairment to the central nervous system. TCE can be degraded into the conductometric measurable products glyoxylate and formate ions by the toluene dioxygenase enzyme in toluene-grown Pseudomonas putida F1 (PpF1). Based on this reaction mechanism, an impedimetric microbial biosensor based on the immobilization of PpF1 strain on gold microelectrode was developed for the detection of trichloroethylene [25] . Furthermore, Liu et al. presented a microbial biosensor based on Pseudomonas fluorescens for detection of phenol and nitrophenols [62] .
Food and Fermentation
As the quality of the products is required by both the customers and the government, rapid and affordable methods to assure the quality of products and process controls are needed [75] . Table 3 shows the recent developed microbial biosensors used in food and fermentation. Fermentation is widely used for the production of foodstuffs and drinks, which requires a carefully performed fermentation system operation [76] . Microbial biosensors are used to monitor the materials in order to control the fermentation process. Because ethanol is very important and necessary in different fermentation process, microbial biosensors have been used for sensitive determination of ethanol in order to monitor the fermentation process. An amperometric biosensor based on Candida tropicalis cells immobilized in gelatin by using glutaraldehyde was developed for the determination of ethanol in the range from 0.5 mM to 7.5 mM [77] . Further, Valach et al. constructed a new microbial amperometric biosensor for the measurement of ethanol in flow injection analysis, which achieved a linear response to ethanol in the range from 10 μM to 1.5 mM in 3 minutes [78] . Furthermore, based on the immobilization of Methylobacterium organophilium on eggshell membrane and an oxygen electrode, an ethanol biosensor got a linear range of 0.050 -7.5 mmol/L and a detection limit of 0.035 mmol/L to ethanol [79] . The control of food quality and freshness is of growing interest for both the consumer and the food industry [75] . The demand for quick and specific analytical tools is needed for monitoring nutritional parameters and food contaminants [3] . Microbial biosensors work as a rapid and affordable method to assure the quality of products. As an index in the determination of the quality of coffee, caffeine needs to be detected sensitively and rapidly. Babu et al. developed an amperometric biosensor for the determination of caffeine by immobilizing Pseudomonas alcaligenes MTCC 5264 on a cellophane membrane, which responded linearly to caffeine over a range of 0.1 -1 mg/mL within 3 minutes [80] . D-glucose and D-xylose are the two ideal sweeteners and nutritional agents which are widely used in food. Based on the co-immobilization of glucose oxidase and xylose dehydrogenase displayed XDH-bacteria on multiwalled CNT nanocomposite films modified electrode, a voltametric biosensor was developed for detection of D-glucose and D-xylose [81] . Contaminants also should be carefully detected in order to assure the quality of the products. Zearalenone family mycotoxins are common contaminants in milk, which canlead to mycotoxicoses [82] . In order to assure the quality of milk, genetically modified Saccharomyces cerevisiae strain were used as the bioelement of the microbial biosensor for the detection of zearalenone family mycotoxins in milk [83] .
Clinical Diagnostics
Conventional techniques for the diagnosis of various diseases suffer from slow response time, time consumption, and complicated process, which make critical care during emergencies difficult [14] . Compared to enzyme based biosensors, microbial biosensors require no purifycation which is time consuming and expensive. Microbial biosensors provides a rapid, accurate and inexpensive way for diagnosis of hormones, pathogens and DNA, which are important parameters of a living individual. Akyilmaz et al. fabricated a novel microbial biosensor for the determination of epinephrine by immobilizing white rot fungi (Phanerochaete chrysosporium ME446) in gelatin using glutaraldehyde crosslinking agent on a Ptelectrode, which achieved a linear range of 5 -100 μM and a detection limit of 1.04 μM [86] . In this biosensor, epinephrine was turned into epinephrine quinone through a redox activity catalyzed by lactase in the fungal cells, causing an increase in the current. As a cause of virus diseases, the detection of pathogens plays an important role in clinical diagnostics. Rat basophilic leukemia (RBL) mast cells which could produce a dramatic exocytotic response within minutes of antigen addition were used to fabricate a microbial biosensor for the detection of pathogens [87] . DNA damage which can affect DNA replication, repair and gene expression can lead to many diseases including cancer. An E. coli SOS-EGFP based on SOS response was constructed for detection of DNA damage. The SOS response could be triggered by harmful chemicals for DNA to produce fluorescent protein controlled by recAgene promoter [88] .
Future Directions
Microbial biosensors have been widely used in the environmental, food and diagnostics industry due to its advantages of low cost, stability and fast response. Compared to enzymes, the microorganisms that are used as bioelements can make use of the enzyme to specifically respond to the analytes without time consuming and expensive purification. Based on its attractive properties, several directions for the development of the microbial biosensors have shown great promise.
Lab-on-a-chip is one direction that attracts a lot of researches' focus [90] . The biotic-micro electrochemical system developed by the integration of a microbe onto the microfluidic chip offers promising characteristics of a fast response and small size. Lab-on-a-chip technology are widely used in fabricating microfluidic devices [29] , which enable the detection of analytes at ultra-low concentrations by actively transporting target analytes to the surface of the microbial biosensors [91, 92] . Lab-ona-chip shows great promise for the development of microbial biosensors. Another promising direction microbial biosensors is forensic identification. Forensic identification is the recognition of the fine physical features of an object, which are specifically distinguished from other objects of the same kind [93, 94] . Body fluidic traces recovered at crime scenes, which contain valuable DNA and miRNA evidence, are mostly used for forensic identification [95, 96] . However, the conventional methods for forensic identification are complicated and time-consuming, which bring many difficulties towards solving a criminal case. Since the microbial biosensor has the ability to analyze DNA, microbial biosensors may be used for forensic identification.
Finally, a portable microbial biosensor array system will be promising in minimizing the time, the cost and the personnel required for detecting the toxicity of water while intensive industrialization and farming have led to the release of many toxic compounds in the environment, causing an important pollution of aquatic ecosystems.
